Asthma is a common, heterogeneous, complex disease accompanied by raised total and specific immunoglobulin-E (IgE) antibody levels. Despite numerous previous reports of linkage and association of asthma, atopy and serum IgE levels to genes within the 5q21-33 region, definitive, replicable results are still not available. We used the classical twin design to (i) estimate the relative contributions of genes and environment to variation in total IgE levels, (ii) assess genetic linkage, and (iii) examine allelic association of 11 microsatellite markers spanning the 5q21-33 region to total IgE. Variation in total IgE level was shown to be highly heritable (65%). Although evidence for linkage of the 11 microsatellites to IgE was not observed, the omnibus test of association, not confounded by population substructure, showed positive association of D5S393 and D5S673 to IgE. Genes in the vicinity of D5S673 include hepatitis A virus receptor (HAVCR-1) and IL-12B. Recently, the mouse orthologue of HAVCR-1, the T-cell membrane family of proteins, have been shown to be in strong association with expression of airway hyperactivity in a mouse model of human asthma and atopy. IL-12B subserves many proinflammatory functions and also induces B cells proliferation.
Introduction
Asthma has been described as a 'noninfectious epidemic' affecting about 155 million individuals worldwide and rising. Quantitative variation in the levels of total immunoglobulin E (IgE) has been shown to be an important mediating factor for this as well as other complex atopic disorders such as eczema and hay fever. 1, 2 One major problem encountered when studying nonMendelian, complex phenotypes such as asthma is that of definition. 3 Studying intermediate quantitative phenotypes 4, 5 such as the level of circulating specific or nonspecific IgE as a proxy for asthma has many potential clinical and analytical advantages. The most important is the correlation between the more genetically and environmentally homogenous phenotype and the underlying DNA sequences. Although there are cases where this is not particularly true, 6 generally, this could result in significant gains in power, as fewer genes of major effect will be sought, less genetic and environmental heterogeneity will be observed, and less error will be generated in definition and measurement of the phenotype. 7 Studying twin pairs offer additional, potential advantages. 8, 9 These include: (i) removing any confounding effects of age; (ii) controlling for differences in preand postnatal circumstances of gestation and rearing; 10 and (iii) lower risk of nonpaternity compared to that of siblings. 11 Moreover, since the increase in the prevalence of asthma and other atopic disorders have been linked to clean Westernised environments, diet and childhood infection, the twin design will allow us to test whether such environmental factors that should be common to twin pairs contribute significantly to variation in total IgE. 12, 13 Numerous studies have implicated the 5q21-33 region in the inheritance of asthma, IgE levels (specific and nonspecific), eosinophil levels, bronchial hyper-reactivity, and other immune-mediated disorders. Several immune-related genes reside in this region including the cytokine gene cluster (IL-13, IL-4, IL-5, IL-3), IL-9, CD14, the b 2 -adregnergic receptor (ADRB2), IL-12B, and hepatitis A virus receptor (HAVCR-1) (see Figure 3 ). The presence of these genes makes this region a major candidate region for the study of the immunogenetics of asthma and its quantitative proxy, total IgE. However, despite numerous previous reports of linkage and association of asthma, atopy and serum IgE levels to genes within the 5q21-33 region, definitive results are still not available. This was highlighted recently in two separate meta-analysis conducted by the International Consortium on Asthma Genetics (COAG). 14, 15 Both studies explicitly looked at total serum IgE levels and reported negative linkages to polymorphisms within this region.
To further address these conflicting results, we measured total IgE in a total of 568 monozygotic (MZ) and dizygotic (DZ) healthy female twin pairs and genotyped 11 microsatellite markers across a 26 cM region spanning the 5q21-33 region. Total IgE was shown to be highly heritable with a narrow sense heritability estimate of 65% (confidence intervals (CI): 58-71% (previous reports have ranged from 46 to 80%)). Although evidence for linkage was not observed to any of the 11 microsatellites, the results from the omnibus test of association showed positive association for D5S393, and D5S673, which were shown to account for 5 and 11% of the total variance in IgE levels, respectively.
Results
The age range of the twins under study was 18-80 years. The mean age of the MZ twins was 47.7 7 15.6 years and for the DZ twins it was 50.0 7 13.0 years.
The mean values and standard deviations for the MZ (83.2 7 227.9 kU/l) and DZ (91.91 7 202.2 kU/l) twin populations were comparable, although means were slightly higher in the DZ group. On testing for the differences in the means between the MZ and DZ groups, we showed that although the differences were significant this did not affect any of the results (data not shown).
The intraclass (twin) correlations for IgE suggest a strong additive genetic effect, as the ICC for the DZ twins (0.28) is about half the MZ twins (0.63) intraclass correlations. The results of the model fitting analysis are shown in Table 1 . The AE model (ascribing variance because of additive genetic and unique environment) represented the best-fitting and most parsimonious model for IgE (C and D could be dropped without any significant change in w 2 ). The heritability of IgE was estimated at 65% (CI ¼ 58-71%). The remainder of the variance was attributable to unique environmental factors (35%, CI ¼ 29-42%). Age showed a small and insignificant contribution to the variance of total IgE (0.3%, P40.05).
Two-point and multipoint linkage analysis was carried out using the computer package Genehunter 2.0. No evidence for linkage was found using traditional twopoint or multipoint Haseman and Elston, maximum likelihood nonparametric or variance components procedures to any of the 11 markers spanning the 5q21-33 region (results not shown).
Although there was no evidence of linkage of markers to IgE, results from the multiallelic omnibus association test showed positive association for D5S393 (P ¼ 0.038) and D5S673 (P ¼ 0.000002). When corrected for multiple testing, only D5S673 was statistically significant at the nominal threshold of Pp0.0045. Allelewise association was observed for markers D5S393, D5S643, D5S207, D5S210, D5S410, and D5S673. However, after correction for multiple testing none of the allele showed significant association at the nominal level of Pp0.0009. Although Bonfferoni corrections are overly conservative for correlated variables the testing of many markers and many alleles means that the probability of type I error is inflated, thus making adjustments to nominal significance levels necessary. No evidence for confounding because of population stratification (at Pp0.05) was found for any tests of association (not presented). The results of tests of associations are summarised in Table 2 .
Power calculations were performed using both our own data combined with best-case scenarios for the unobserved quantitative trait locus (QTL). The results showed that we had 7% and 15% power (a ¼ 0.05) to detect linkage between a marker lying adjacent to a quantitative trait locus accounting for 5 and 10% of the phenotypic variation, respectively. At the a level of 0.0001, we have virtually no power to detect linkage between a marker and QTL. The power in our sample to detect association between a marker and putative gene was shown to be highly dependent on the unobserved QTL parameters. As a best-case scenario, we set the degree of disequilibrium between marker and QTL to one (D 0 ¼ 1) and equated the marker allele to the QTL allele frequency (M ¼ Q ¼ 0.5). The power to detect association or linkage disequilibrium between a marker and QTL is over 80% for a sample size consisting of 200 sibling pairs (a ¼ 0.0000001, b ¼ 0.8). However, slight Table 3 .
To assess the extent of linkage disequilibrium within the 5q21-33 region, we calculated D' for markers D5S471 to D5S410, using either a family-based technique or a method that utilises unrelated individuals to infer haplotypes and estimate their frequency. Pairwise D' estimates were highly correlated using either family data or unrelated individuals (Spearman rank-order correlation [r] ¼ 0.72). The results are presented graphically in Figure 2 . Although numerous marker pairs were associated (Po0.05), no marker pair showed a D' value greater than 0.35. We then tested the relation between (i) the genetic and physical distances, (ii) the physical distance and the extent of LD, and (iii) genetic distance and LD, between the 11 microsatelites (results not shown). While physical and genetic distances were highly correlated (r ¼ 0.94, Po0.00001), their relation with the amount of LD were highly unpredictable (r ¼ À0.0138, (P ¼ 0.92) and 0.1276 (P ¼ 0.36) for physical and genetic distances respectively). For example, the second highest D 0 was measured between markers D5S393 and D5S673 (D 0 ¼ 0.24, P ¼ 0.03), which are separated by 21.5 Mb of DNA (16 cM), and whereas, for markers D5S436 and D5S402, which are separated by 1.3 Mb (0 cM), D 0 was calculated at only 0.06 (P ¼ 0.07). Moreover, significant LD, judged on the basis of the P-value from Fisher's exact test, did not necessarily mean high D 0 , as the two were shown to be in moderate negative correlation (r ¼ À0.49, Po0.0001).
Discussion
The inheritance pattern of asthma and IgE has been under vigorous investigation for many years. Numerous candidate gene studies and genomewide scans have been performed on both outbred and isolated populations. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] Moreover, the long arm of chromosome 5q stretching from q21 to q33 represents one of the bestcharacterised regions for both linkage and association to asthma and atopy, as well as many other Mendelian and nonMendelian immune-related diseases. [29] [30] [31] [32] [33] [34] In this study, we used the classical twin design to (i) estimate the relative contributions of genes and environment to variation in total IgE levels, (ii) assess genetic linkage, and (iii) examine allelic association of 11 microsatellite markers spanning the 5q21-33 region to total IgE.
The result of phenotypic analysis of IgE show that majority of the variation in total IgE is because of genetic polymorphisms working in an additive manner. There is no indication at all, at least in female Caucasoids, that common environmental factors play a role in governing IgE variation. This result agrees with similar previous findings for both asthma and total IgE variation. 35 The association of D5S393 with total IgE replicates numerous previous studies and highlights the importance of this region in mediating IgE levels. 36 The closest genes to this marker are IL-9 and CD14. IL-9 is produced mainly by T cells and plays a pivotal role in mast cell development and enhancement of IgE production by B cells. CD14 is found mainly on monocytes and granulocytes and serves as a high-affinity receptor for bacterial lipopolysaccharide (LPS). Monocytes and granulocytes are both implicated in the pathogenesis of allergy and atopy (see Figure 1) . One of the earliest studies on the inheritance pattern of IgE, carried out on 92 families ascertained from northern Holland, showed strong linkage between marker D5S436 and IgE using both traditional Lod score and affected sib-pair analysis (Lod ¼ 3.61). CSFR1 (Lod ¼ 1.13) and microsatellite marker D5S393 (Lod ¼ 1.93) also showed suggestive linkage signals. 37 Following the recruitment of another 108 families, the same group replicated the previous results N=Number of probands (DZ pairs and one individual from MZ twin pairs) available for tests of multiallelic association (genotypes were generated as part of a large-scale, high throughput genome screen of over 3000 individuals (Gemini Genomics, unpublished) and consequently the number of genotypes varies for each marker); H=heterozygosity; PIC= polymorphism information content. Allelewise association was assessed by an n degree of freedom F test (n=number of alleles-1). Omnibus association was assessed by an n degree of freedom w 2 test that accounted for the DZ twin pair trait covariance.
on chromosome 5q using more powerful variance components methods (Lod ¼ 2.46, P ¼ 0.0004). They further showed that this region, which was flanked by markers D5S666, and D5S402, explained 37% of the variance in IgE. 25 In another study there was evidence of linkage for markers IL4R1, IRF1, IL-9, D5S393 and D5S399 to total IgE but not to specific IgE suggesting that polymorphisms within the 5q21-33 region could be contributing significantly to the variation of the non-MHC restricted pathway of IgE production. 38 The importance of CD14 polymorphisms and several other markers as modifiers of IgE and atopy has also been highlighted in several populations of British ancestry. 39, 40 The strong association observed between IgE and the marker D5S673 in our study is interesting in light of a 
between the mouse and human genomes, to scan the human 5q23-35 syntenic region in the mouse, for asthma susceptibility genes. The results highlighted the T-cell and airway phenotype regulator (TAPR) locus, which controls the development of airway hyperactivity and T-cell production of IL-4 and IL-13 in the mouse. TAPR cosegregates with sequence variants that encode the T-cell membrane proteins (TIMs) (41) . The human orthologue of TIM is the receptor for hepatitis A virus (HAVCR-1), which maps to the 5q33.3 region adjacent to the D5S673 microsatellite marker. These results agree with the hypothesis that rising trends in asthma and atopy, observed in developing countries over the past 100 years, is because of reduced levels of childhood infection. Another strong candidate gene in the vicinity of D5S673 is IL-12B. IL-12 is a proinflamatory cytokine produced by macrophages, which acts on B cells, natural killer (NK) cells, and monocytes to induce proliferation and cytokine synthesis. Interestingly, the main cytokine produced as a result of IL-12 action is gamma-interferon (IFNg) which downregulates Th2-mediated, antibody responses while upregulating Th1 cytotoxic responses (see Figure 1 ).
In light of such strong evidence supporting a role for the 5q21-33 region in controlling variation in IgE and susceptibility to asthma or atopy, there have also been numerous studies that have failed to highlight 5q21-33 as a major mediator of atopy per se. 42 This was highlighted recently in a meta-analysis carried out on a combined data set from 11 different studies worldwide (2400-2600 full sibling pairs) where tests of linkage of total IgE to markers within this region were negative. 15 This agreed with a previous meta-analysis which found evidence of linkage to asthma within the cytokine gene cluster around microsatellite marker D5S1505 (LOD ¼ 2.61, P ¼ 0.0025), but failed to do so for atopy variables including total IgE levels.
14 Furthermore, over 50 independent analyses conducted on these data sets as part of the Genetic Analysis Workshop 12 (published as a special supplement of Genetic Epidemiolology 2001) also failed to find consistent evidence for linkage across these studies. The differing analytical tools used, reports of empirical rather than asymptotic P-values, use of different genetic maps, alternative definitions of disease, potential genotyping errors in earlier studies, and the presence of significant genetic heterogeneity within different populations are just some of the reasons as to why such discrepancies exist in the literature for asthma as well as many other common complex disease.
Potential caveats in the interpretation of our experimental data are (i) the degree of haematological chimerism which might confound the twin model, (ii) generisability of the results to males and/or nonCaucasian populations, (iii) the cross-sectional nature of the cohort that precludes real insight into disease a etiology at different age groups, and (iv) the potential utility of microsatellite markers in tests of association. Significant haematological chimerism in DZ twins is relatively rare. However, examinations of monochorionic twin placentas reveal the presence of vascular anastomoses between the two foetal circulations in around 10% of cases; such anastomoses rarely occur in dichorionic placentas.
Monochorionic twin placentation occurs in around two-thirds of MZ twins. Thus, we would expect significant haematological chimerism to occur in about 7% of the MZ group. 43 There is no way of knowing how relevant this is to the peripheral populations in adults but we expect any effect to be reflected in increased phenotypic similarity within an MZ pair. This would have the effect of slightly raising the heritability estimate. There is evidence that the expression of asthma and associated intermediate phenotypes such as total serum IgE levels are gender-dependent [44] [45] [46] in most Caucasoid populations and there is also evidence pointing towards differing pathophysiological mechanisms leading to atopy operating in different age groups. 3 However, until suitable cohorts are collected and well-designed longitudinal studies are carried out, definitive answers remain at large. Finally, the utility of microsatellite markers in tests of association remains debatable. The high mutation rate of microsatellites could mean that a single microsatellite allele may represent several distinct haplotypes, confounding the detection of association between a microsatellite allele and a QTL. Unfortunately, practically and theoretically this remains a virtually untouched territory and needs more attention if the vast amount of data collected so far by the genetic community is to be taken full advantage of.
Sample size is a thorny issue affecting the sensitivity of any analysis. Our power calculations show that even assuming a recombination fraction of zero between the marker and QTL (y ¼ 0), approximately 5000 sib-pairs are required to detect linkage to a gene accounting for 10% of phenotypic variation and an overall phenotypic heritability of 65%. For a locus accounting for 5% of the variance, the number of sibling pairs roughly doubles to 10 000. Our sample size has very low power to detect linkage to loci of small effect (5-10%) within the 5q21-33 regions. However, previous positive linkage reports utilising the same markers or markers in linkage to the markers in our study have either had similar or even smaller sample sizes than ours and have often utilised less powerful analytical techniques. These discrepancies could be because of the presence of genetic heterogeneity in asthma and/or IgE in different populations. However, the limitations of linkage analysis can be overcome by the association approach so long as appropriate genetic markers are examined. Power for linkage disequilibrium analysis is governed by not only the sample size as the extent of allelic association and allele frequency of marker and trait loci (which are determined by population-specific forces such as demography and selection) but can also have substantial effects on power. [47] [48] [49] Our power calculations and association results highlight and agree with previous claims that association studies are more powerful than linkage-only studies in detecting loci of small effect, provided that marker allele frequencies are matched to the QTL allele frequencies and that they are in strong allelic association. 50 Finally, the erratic distribution of LD throughout the 5q21-33 region and its weak association with both physical as well as genetic distances, follow from numerous previous studies that have shown that there is limited ability to predict the distance between two polymorphisms based solely on the amount of LD that exits between them. 51, 52 This perhaps is not surprising when we take all the demographic (migration, selective sweeps, population bottlenecks) and genetic factors (recombination rates, selection) that can affect local patterns of LD into consideration. [53] [54] [55] However, as more recent data has shown, fine mapping of QTLs should be facilitated by LD mapping once local hot and cold regions of recombination and gene conversion are characterised and accounted for when choosing the density of markers required to carry out association mapping of complex traits. 56 The 5q21-33 region is rich with genes with pivotal roles in the functioning of the human immune system. We have shown, contrary to recent findings, that this region remains a major candidate for IgE level variation in Caucasoids and remains a target for further work in fine mapping and positional cloning of the causative polymorphisms affecting asthma and atopy. Our results show that at least two loci within this region are responsible for variation in IgE and possible susceptibility to atopic disorders. Although difficulties exist in the interpretation of mouse experiments, because of biological redundancy and in the unnatural behaviour of systems in controlled environments, our results also conform to recent findings in the murine model of human asthma.
Materials and methods
A total of 266 MZ (or identical) and 302 DZ (or fraternal) female Caucasoid twin pairs aged 18-80 years from the St Thomas' UK adult twin registry participated in the study. The twin pairs were ascertained from the general population through a national media campaign in the United Kingdom. 57 Participating twins were unaware of the specific diseases of interest or hypothesis being tested and informed consent was obtained from all subjects. Zygosity was determined by standardised questionnaire 58 and confirmed by a combination of DNA analyses, which included full genome scans, the ABI FESTR kit (Perkin Elmer-Applied Biosystems, UK) and the Forensic Science Services QUAD system (Birmingham, UK).
IgE measurements
Levels of total IgE were measured in duplicates by radioallergosorbent tests (RAST) using the Pharmacia CAP system. Further tests were performed to resolve any discrepancies between replicate assays. Log transformation of total IgE level was carried out prior to analysis to obtain an approximately normal distribution.
Molecular methods DNA was extracted from whole blood by a phenol/ chloroform method. Microsatellite-marker-based genotyping was undertaken using standard ABI Prismt (PE Biosystems) fluorescence-based genotyping methodologies. 59, 60 Specifically for this study, marker loci were amplified in 5 ml single-plex PCRs in 384-well microtitre plates. Amplification products were pooled, precipitated, combined with loading buffer, formamide and an internal size standard (GS400HD, PE Biosystems), and then size-separated and detected using ABI PrismTM 377 automated sequencers (PE Biosystems). Locus-specific alleles were sized, identified, and coded as previously described, 61 then re-coded to correlate exactly with the alleles published in GDB (http:/ /www.gdb.org/). Alleles not found in GDB were given new codes, using the 'Allele Gold-Standardisation' function of Phenobaset, a proprietary database of clinical and genetic information (Gemini Genomics, UK). Allele sizes, initial codes, and final designations were processed and maintained within Phenobaset.
Statistical methods
Twin methodology makes use of the fact that MZ twins share identical genotypes, whereas DZ twins share on average only 50% of their segregating genes. It is assumed that both types of twins on average share their common family environment to the same extent so any greater similarity between MZ compared with DZ twins reflects genetic influences. A higher MZ than DZ intraclass correlation (r) provides a first impression of the magnitude of genetic influence, which is based on the classic Falconer formula to estimate broad-sense heritability: h 2 ¼ 2(r MZ -r DZ ). Under an additive genetic model, r DZ should be half of r MZ . Nonadditive genetic components and common environmental factors would increase and decrease this ratio, respectively.
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Path analysis and genetic model fitting of IgE Genetic model fitting (path analysis) can be used for the decomposition of the observed phenotypic variance into its genetic and environmental components. Briefly, the total genetic effect on a phenotype can be decomposed into that because of the additive effects of alleles at multiple loci (A), that because of the dominance effects (D) and that because of epistatic interaction (I) between loci. Similarly, the environmental effects can be decomposed into that because of common environmental influences (C) shared by twins and that because of environmental influences unique (E) to each individual in a twin pair. The latter also contains measurement error. Dividing each of these components by the total variance yields the different standardised components of variance; for example, the heritability (h 2 ) that can be defined as the ratio of additive genetic variance to total phenotypic variance. 63 Age was incorporated into the model as a covariate and its influence quantified on the phenotype. See the following references and references therein for detailed description of path analysis specific to the analysis of twin data. 63 69 We calculated D
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between markers D5S471 and D5S410, a region spanning 26 cM corresponding to B36 Mb of DNA (Figure 2 , see Figure 3 for marker ordering). Haplotype frequencies were inferred using genotypic information either on one person from each twin pair via the expectation-maximisation algorithm as implemented in utility programs 'Faster Permutation & Model-free analysis' (PFEH+), 'Faster Estimating Haplotypes' (FEH+), and '2-locus Linkage Disequilibrium' calculator (2LD) 71, 72 or on related sibling pairs via the simulated-annealing algorithm as implemented in Simwalk 2.8. 73 Pairwise disequilibrium values were plotted using the Graphical Overview of Linkage Disequilibrium (GOLD) program. 74 
Simulations
To estimate the power of our sample size to detect linkage and/or association, we ran a series of power calculations using a combination of both our phenotypic and genotypic information and a best-case QTL scenario. Figure 2 Visual representation of the pairwise linkage disequilibrium (D') across the 5q21-33 region. The data were plotted using the graphical overview of linkage disequilibrium (GOLD) program. Plots are symmetric across X-and Y-axis intersect and the axis represent (grid lines) markers 5' (D5S471) to 3' (D5S410); see Figure 3 for ordering of the markers. The colour keys represent regions of minimal LD (dark), to regions of maximal LD (light). D' was based on inferred haplotype frequencies using either unrelated individuals (expectation-maximisation algorithm) or the full sib-pair genotype data (simulated annealing algorithm). Alleles with frequency less than 5% were pooled for all markers. The Spearman rank-order correlation between D' values estimated by using either family data or unrelated individuals was r s ¼ 0.72. , granulocyte-macrophage colony-stimulating factor (GMCSF)), T-cell-specific transcription factor-7 (TCF7), IL-9, early growth factor response-1 (EGR1), CD14, fibroblast growth factor-1 acidic (FGF1), lymphocyte-specific glucocorticoid receptor (GRL), the b 2 -adregnergic receptor (ADRB2), colony-stimulating factor-1 receptor (CSF1R), platelet-derived growth factor receptor (PDGFR), IL-12B, and hepatitis A virus receptor (HAVCR-1). Marker order, genetic and physical distances were obtained using software provided by the university of California, Santa Cruz, http:/ /www.genome.ucsc.edu/.
The following information was used: 250 fully informative sib-pairs, sib-sib correlation of 0. 
